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VARIABLE WAVEGUIDE 



BACKGROUND OF THE INVENTION 



Statement of the Technical Field 

[0001] The inventive arrangements relate generally to methods and apparatus for 
providing increased design flexibility for RF circuits, and more particularly to a 
variably tunable waveguide. 
Description of the Related Art 

[0002] A waveguide is a transmission line structure that is commonly used for 
microwave signals. A waveguide typically consists of a hollow tube made of an 
electrically conductive material, for example copper, brass, steel, etc., and can be 
provided in a variety of shapes. Most often waveguides have a rectangular or 
circular cross section. 

[0003] In operation, waveguides propagate modes above a certain cutoff 
frequency if c ). In a waveguide which has a rectangular cross section, the signal 

wavelength (X c ) at the cutoff frequency is given by the equation 



\\2aj \2bj t where m,n are mode numbers, a is a width of the wider side 
of the waveguide, and b is a width of the waveguide measured along the narrow 
side. The lowest frequency mode in a waveguide is the TE 10 mode. In this mode, 



K = 
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the equation for the signal wavelength at the cutoff frequency reduces to K = . 

/.=- 

Further, the relationship between f c and Z c is given by the equation Ac, where 
v is the propagation velocity of a signal within the waveguide. Accordingly, the 

v 



equation for the cutoff frequency becomes ^ a ^ a ^M r £ r , where ju r is the 
relative permeability within the waveguide and s r is the relative permittivity within 
the waveguide. Below the cutoff frequency, the attenuation is given by 



a = SA.ej-M 



r r 2 



, where a is attenuation measured in decibels (dB), / is the 
length of the waveguide, and f is the frequency at which the attenuation is being 
calculated. 

[0004] A waveguide typically has fixed dimensions, and the permittivity and 
permeability are usually constant. Hence, the cutoff frequency and attenuation 
characteristics of a waveguide usually are fixed, thus limiting the flexibility of 
waveguides for use in RF applications. 
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SUMMARY OF THE INVENTION 

[0005] The present invention relates to a variable waveguide system. The 

variable waveguide system includes a waveguide, a dielectric structure including at 

least one cavity disposed within the waveguide, and a conductive fluid. The cavity 

is filled with the conductive fluid in a first operational state, and the cavity is 

purged of the conductive fluid in a second operational state. A fluid control system 

can be provided for transferring the conductive fluid in and out of the cavity in 

response to a control signal. 

[0006] The waveguide can have a first cutoff frequency in the first operational 
state and a second cutoff frequency in the second operational state. Further, the 
waveguide can have a first electrical length in the first operational state and a 
second electrical length in the second operational state. 

[0007] The dielectric structure can include a plurality of fluid conduits, each 
defining an elongated cavity, and arranged in a row to form an effective waveguide 
wall. For example, the plurality of fluid conduits can extend from a first wall of the 
waveguide to a second wall of the waveguide, wherein the second wall is spaced 
from the first wall. The conductive fluid which is contained in the plurality of fluid 
conduits in the first operational state can form an electrical connection with the 
first and second walls. 

[0008] In one arrangement, the dielectric structure can be comprised of at least a 
first solid dielectric wall extending from a first conductive wall of the waveguide to 
a second conductive wall of the waveguide. A cavity can be defined between the 
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first dielectric wall and at least one conductive wall of the waveguide. The 

dielectric structure further can include a second dielectric wall, wherein the cavity 

is defined between the first dielectric wall and the second dielectric wall. 

[0009] The present invention also includes a method of controlling a waveguide. 

The method includes the step of providing a waveguide dimensioned for producing 

a first electrical characteristic for the waveguide. The method also includes the 

step of adding a conductive fluid to an internal portion of the waveguide to 

produce a second electrical characteristic for the waveguide in response to a 

control signal. The second electrical characteristic is different from the first 

electrical characteristic. 

[0010] The method can further include the step of constraining the conductive 
fluid in a portion of the waveguide to modify a cutoff frequency of the waveguide 
and/or an electrical length of the waveguide. The conductive fluid can be 
constrained in a plurality of fluid conduits, each defining an elongated cavity, and 
arranged in a row to form an effective waveguide wall. An electrical connection 
can be formed between the conductive fluid and at least one conductive wall of the 
waveguide. 

[0011] The conductive fluid also can be constrained using at least a first solid 
dielectric wall extending from a first conductive wall of the waveguide to a second 
conductive wall of the waveguide, wherein the second conductive wall is spaced 
from the first conductive wall. The conductive fluid can be constrained between 
the first dielectric wall and at least one conductive wall of the waveguide. In 
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another arrangement, the method can include the step of constraining the 

conductive fluid between the first dielectric wall and a second dielectric wall. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] Fig. 1 is a conceptual diagram useful for understanding a variable 

waveguide in accordance with the present invention. 

[0013] Fig. 2 is a cross-sectional view of the waveguide of Fig. 1 , taken along 
line section line 2-2. 

[0014] Fig. 3A is a conceptual diagram of an alternate embodiment of the 
waveguide. 

[0015] Fig. 3B is a cross-sectional view of the waveguide of Fig. 3A, taken along 
line section line 3-3. 

[0016] Fig. 3C is a cross-sectional view of another arrangement of the 
waveguide of Fig. 3A, taken along line section line 3-3. 

[0017] Fig. 4 is a top view of another alternate embodiment of the waveguide. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0018] The present invention relates to a variable waveguide. The electrical 

characteristics of the waveguide can be adjusted by using a conductive fluid to 

effectively create, or extend, at least one waveguide wall, thereby changing the 

effective dimensions of the waveguide. 

[0019] Fig. 1 is a conceptual diagram that is useful for understanding the 
variable waveguide of the present invention. In Fig. 1, a waveguide tuning 
apparatus 100 is presented which includes a waveguide 102. The waveguide 102 
can be a tubular structure having at least one wall, an input opening 1 1 2 and an 
output opening 114. At this point it should be noted that the present invention is 
not limited to any particular waveguide structure. In particular, the present 
invention can be used with waveguides having any configuration or shape. In one 
arrangement, the waveguide can have a rectangular cross section. For example, 
the waveguide can have opposing waveguide walls 104,106 having a width a and 
opposing waveguide walls 108, 1 10 having a width b, thereby defining a 
waveguide dielectric region 1 18 within the waveguide walls 104, 106, 108, 1 10. 
A cross-sectional view of the variable waveguide in Fig. 1, taken along line section 
2-2, is shown in Fig. 2. 

[0020] One or more fluid conduits 1 1 6 having cavities can extend from wall 
104 to wall 106. The fluid conduits 1 16 can be any conduit that can contain a 
conductive fluid 126 so that electrical continuity can be provided between wall 104 
and wall 106 at the location of the fluid conduit when the conductive fluid 126 is 
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present. In particular, the fluid conduits 1 16 can be channels, tubes, elongated 

cavities, or any other type of dielectric cavity which extends from a first portion of 

the waveguide to a second portion of the waveguide. For example, the fluid 

conduits 1 16 can extend between portions of two or more waveguide walls. The 

fluid conduits 1 1 6 can be glass, plastic, ceramic or any other dielectric material 

which can contain the conductive fluid 126 within the fluid conduits 1 16. 

[0021] In one arrangement, where a dielectric material is disposed between the 

walls 104, 106, the fluid conduits 1 16 can be bores or vias that extend from wall 

104, through the dielectric to wall 106. In another arrangement, the bores can 

extend through the walls 104, 106 as well. Moreover, the fluid conduits 1 16 can 

extend from, or to, any of the waveguide walls, and the fluid conduits 1 16 can be 

disposed to create differing waveguide structures. Still, there are a myriad of 

conduits and conduit configurations that can be used, all of which are intended to 

be included within the scope of the invention. 

[0022] In a first operational state, the conductive fluid 126 can be injected into 
the fluid conduits 1 1 6 to create a plurality of conductive regions which create an 
effective waveguide wall (effective wall) 140 extending between the walls 104, 
106 and located in a region defined by the plurality of fluid conduits 1 16. For 
example, the effective wall 140 can be parallel to, and located inward from, walls 
108, 1 10. Accordingly, the waveguide can be defined to be bounded by walls 
104, 106, 1 10 and the effective waveguide wall. In consequence, the effective 
width a of the waveguide walls 104, 106 is reduced to a*. 

{WP116833;1} 

8 



Docket No. GCSD-1390; H7307 
[0023] As noted, in the TE 10 mode the equation for signal wavelength (A, c ) at 

the cutoff frequency {f c ) reduces to K = 2a Hence, the reduction in the effective 
width of waveguide walls 104, 106 reduces the signal wavelength at the cutoff 
frequency, and thus increases f c . Also as noted, the attenuation of the waveguide 



a = 54.6 — JI- 



below f c is given by ^ V v/J , The increase in f c and the decrease in X c 

caused by the effective narrowing of the walls 104, 106 each contribute to an 
increase in waveguide attenuation below f c . Accordingly, the conductive fluid 126 

can be injected into the fluid conduits 1 1 6 to change f c , X c , or vary waveguide 
attenuation below f c . 

[0024] The skilled artisan will appreciate that power currents in the waveguide 
are propagated from the input opening 1 12 towards the output opening 1 14 via 
walls 104, 106. In particular, the power currents are generated from electric fields 
which are formed between walls 104,106. Notably, power currents do not 
typically propagate from the input opening 1 12 towards the output opening 1 14 on 
the narrower waveguide walls, which in this case are wall 108 and the effective 
wall 140 (when fluid conduits 1 16 are filled with conductive fluid 126), because in 
general electric fields do not form between these walls. Accordingly, gaps 130 in 
the effective wall 140 between fluid conduits 1 16 do not adversely affect 
waveguide performance, provided these gaps were smaller than approximately 
1/10 wavelength. 
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[0025] A third waveguide also can be defined which is bounded by walls 104, 

106, 108 and the effective wall 140. In the case that the width (a -a) between 
wall 108 and the effective wall 140 is greater than width b, the third waveguide 

will operate as previously discussed, except that K = 2(a-a') | n ^ e case t j lat 
width (a -a) is less than width b, the signal wavelength at the cutoff frequency 

for the third waveguide then becomes K = 26 m \ n such a configuration the 
effective wall 140 will be one of the walls having the greatest width. Gaps 130 
could adversely affect propagation for power currents in such an arrangement and 
may cause the propagating signal to radiate through the gaps. The amount of 
radiation would be dependent on the electrical size of the gaps. If the electrical 
size of the gaps is relatively large with respect to the operational frequency, the 
flow of power through the third waveguide could be disrupted. 
[0026] In a second operational state, the conductive fluid 126 can be purged 
from the fluid conduits 1 16, thereby removing the effective wall 140. For 
example, a vacuum or positive pressure can be used to purge the conductive fluid 
1 26 from the fluid conduits 116. In one arrangement, the conductive fluid 1 26 can 
be replaced with a fluid dielectric 1 62 or a gas. The fluid dielectric or gas can be 
any fluid or gas which can be injected in the fluid conduits 1 1 6 to remove the 
conductive fluid 126 from the fluid conduits. 

[0027] A typical fluid dielectric can be, for example, an oil such as Vacuum 
Pump Oil MSDS-1 2602. a solvent, such as formamide, water, etc. Typical gases 
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can include air, nitrogen, helium, and so on. Importantly, the invention is not 

limited to any particular fluid dielectric 1 62 or gas. Those skilled in the art will 

recognize that the examples of fluid dielectric or gas as disclosed herein are merely 

by way of example and are not intended to limit in any way the scope of the 

invention. 

[0028] Referring to Fig. 3A, an alternative embodiment for a variable 
waveguide 302 is shown wherein dielectric walls define a cavity 340 within 
waveguide 302. A cross-sectional view taken along section lines 3-3 is shown in 
Fig. 3B. The cavity 340 is bounded by waveguide walls 304, 306 and dielectric 
walls 330, 332, 334, 336. The dielectric walls can be glass, plastic, or any other 
dielectric material which can prevent leakage of a conductive fluid 326 from the 
cavity 340. Accordingly, the dielectric walls 330, 332, 334, 336 will maintain the 
conductive fluid 326 within the cavity 340, while having an insignificant impact on 
waveguide performance when the conductive fluid 326 is not present in the cavity 
340. 

[0029] The conductive fluid 326 can be injected into the cavity 340 during the 
first operational state to define an effective wall 1 40 in the cavity region which 
reduces the effective width of walls 304, 306 from d to d\ as measured from wall 
310. Accordingly, X c is decreased and f c is increased which, as noted, increases 
attenuation below f c . Again, a third waveguide is defined which is bounded by 
walls 304, 306, 308 and the effective wall 140. In this arrangement, however, 



{WP116833;1} 



11 



Docket No. GCSD-1390; H7307 
the effective wall 140 is continuous, and thus can be used to propagate power 
currents. Alternatively, cavity 340 can be defined by waveguide walls 304, 306, 
308 and dielectric walls 330, 334, 336 (without the use of dielectric wall 332), as 
shown if Fig. 3C. Accordingly, the cavity 340 can be completely filled with 
conductive fluid 326 so that a third waveguide is not created when the conductive 
fluid 326 is present. 

[0030] Fluid Control System 

[0031] Referring once again to Fig. 1 , it can be seen that the invention 
preferably includes a fluid control system 1 50 for selectively controlling the 
presence and/or removal of the conductive fluid 126 from the fluid conduits 1 16. 
The fluid control system 1 50 also can be used for selectively controlling the 
presence and/or removal of the conductive fluid 126 from the cavity 134 of Fig. 
3A. However, for convenience, the operation of the fluid control system shall be 
described relative to Figs. 1 and 2. The fluid control system can comprise any 
suitable arrangement of pumps, valves and/or conduits that are operable for 
effectively injecting and/or removing the conductive fluid 126. A wide variety of 
such fluid control systems may be implemented by those skilled in the art. For 
example, in one embodiment, the fluid control system can include a reservoir 1 52 
for the conductive fluid 126 and a pump 154 for injecting the conductive fluid 126 
into the fluid conduits 1 1 6. 

[0032] The conductive fluid 126 can be injected into the fluid conduits 1 1 6 (or 
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cavity 1 34 of Fig. 3A) by means of a suitable fluid transfer conduit 1 20. A second 
fluid transfer conduit 122 can also be provided for permitting the conductive fluid 
1 26 to be purged from the fluid conduits 1 1 6 so that the conductive fluid 1 26 does 
not provide an effective wall 140. Further, fluid valves 124, 125 can be provided 
to control fluid transfer to conduits 1 20, 1 22 and the fluid conduits 1 1 6. The fluid 
valves 124, 125 can be closed to contain the conductive fluid 126 within the fluid 
conduits 1 16 during the first operational state, and opened when the conductive 
fluid 1 26 is purged from the fluid conduits 116. In one embodiment the fluid 
valves 124, 125 can be mini-electromechanical or micro-electromechanical systems 
(MEMS) valves, which are known to the skilled artisan. 

[0033] One or more sensors 1 76 can be provided to verify the presence of the 
conductive fluid in the fluid conduits. For example, resistance sensors can be 
provided in the fluid transfer conduits 120, 122 which detect whether a conductive 
fluid is present in the fluid transfer conduits 120, 122. The resistance sensors can 
detect the presence of the conductive fluid by determining whether a fluid with low 
resistance is present in the fluid transfer conduits 1 20, 1 22. Sensor readings 
which verify that the conductive fluid is present in the fluid transfer conduits 1 20, 
1 22 can be indicative of conductive fluid being present in the fluid conduits 1 1 6. 
Alternatively, sensors can be provided for individual fluid conduits 1 16. 
[0034] When it is desired to purge the conductive fluid 126 from the fluid 
conduits 1 1 6, a pump 1 56 can be used to draw the conductive fluid 1 26 from the 
fluid conduits 116 into a recovery reservoir 170. Alternatively, in order to ensure a 
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more complete removal of all conductive fluid from the fluid conduits 1 16, one or 

more pumps 1 58 can be used to inject a dielectric solvent 1 62 into the fluid 

conduits 1 16. The dielectric solvent 162 can be stored in a second reservoir 164 

and can be useful for ensuring that the conductive fluid 126 is completely and 

efficiently flushed from the fluid conduits 116. A control valve 1 66 can be used to 

selectively control the flow of conductive fluid 126 and dielectric solvent 162 into 

the fluid conduits 1 16. The sensors 1 76 can detect whether the conductive fluid 

has been completely purged from the fluid conduits. 

[0035] A mixture of the conductive fluid 1 26 and any excess dielectric solvent 
162 that has been purged from the fluid conduits 1 16 can be collected in the 
recovery reservoir 170. For convenience, additional fluid processing, not shown, 
can also be provided for separating dielectric solvent from the conductive fluid 
contained in the recovery reservoir for subsequent reuse. However, the additional 
fluid processing is a matter of convenience and not essential to the operation of the 
invention. 

[0036] A control circuit 172 can be configured for controlling the operation of 
the fluid control system 1 50 in response to an analog or digital fluid control signal 
1 74. For example, the control circuit 1 72 can control the operation of the various 
valves 120, 122, 166, and pumps 154, 156, 158 necessary to selectively control 
the presence and removal of the conductive fluid 126 and the dielectric solvent 
1 62 from the fluid conduits 116. It should be understood that the fluid control 
system 1 50 is merely one possible implementation among many that could be used 
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to inject and purge conductive fluid from the fluid conduits 1 16 and the invention is 
not intended to be limited to any particular type of fluid control system. All that is 
required of the fluid control system is the ability to effectively control the presence 
and removal of the conductive fluid 1 26 from the fluid conduits 1 1 6. 

[0037] Composition of Conductive Fluid 

[0038] The conductive fluid used in the invention can be selected from the 

group consisting of a metal or metal alloy that is liquid at room temperature. The 
most common example of such a metal would be mercury. However, other 
electrically conductive, liquid metal alloy alternatives to mercury are commercially 
available, including alloys based on gallium and indium alloyed with tin, copper, and 
zinc or bismuth. These alloys, which are electrically conductive and non-toxic, are 
available from NewMerc, Ltd. of Blacksburg, Virginia. Other conductive fluids 
include a variety of solvent-electrolyte mixtures that are well known in the art. As 
for conductivity, there are several options. Both a conductive "plate" and a very 
high (relatively to the material adjacent to it) dielectric interface will cause an 
incident wave to reflect but only a conductive fluid will allow the necessary ground 
currents to flow without undue attenuation. Using a perfect conductor, all energy 
is reflected. Using a non-perfect conductor, some energy will be dissipated as heat 
in the conductive material. Conductivities greater than 20 would be desirable, 
although effective systems could be employed utilizing conductivities as low as 1 
or 2. 
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[0039] Multiple Effective Walls 

[0040] In the most basic form, the invention can be implemented using a single 
cavity or a single row of fluid conduits as illustrated in Figs. 1-3C. However, those 
skilled in the art will readily appreciate that the invention is not so limited. 
Referring to Fig. 4, an exemplary waveguide 402 comprising a plurality of rows 
430, 432, 434, 436, 438, 440 of fluid conduits 41 6 is shown. The rows 430, 
432, 434, 436, 438, 440 of fluid conduits 416 can be used to adjust the 
performance characteristics of the waveguide 402. Notably, any number of rows 
of fluid conduits 416 can be provided. 

[0041] The rows 430, 432, 434, 436, 438, 440 can be disposed to provide 
effective walls in various regions of the waveguide 402. For example, rows 430, 
432 can provide varying width adjustment for the waveguide 402, which can be 
useful for changing the cutoff frequency of the waveguide. In particular, 
conductive fluid 426 can be injected into the fluid conduits 41 6 of row 430 to 
reduce the effective width of the waveguide 402 from a to a\ Alternatively, 
conductive fluid 426 can be injected into the fluid conduits 41 6 of row 432 to 
reduce the effective width of the waveguide 402 to a". 

[0042] Further, rows 434, 436, 438, 440 of fluid conduits 416 can provide 
length adjustment for the waveguide 402, which can be useful for changing the 
attenuation of the waveguide 402 below the waveguide cutoff frequency. For 
example, rows 434, 436, 438, 440 of fluid conduits 416 can be used to extend 
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the length of the waveguide 402 from I to l\ 

[0043] In one arrangement, rows 434, 436, 438, 440 of fluid conduits 416 
can be provided in a dielectric structure 480 which has a low permittivity and a low 
permeability. Accordingly, the dielectric structure 480 will have minimum impact 
on waveguide performance when rows 434, 436, 438, 440 of fluid conduits 41 6 
are not filled with conductive fluid 426. The dielectric structure 480 can have a 
width at least as wide as waveguide 402 width a, a thickness at least as thick as 
waveguide 402, and a length at least as long as (/ - /'). Further, the dielectric 
structure 480 can be coupled to a tubular waveguide body 450 at intersection 490. 
[0044] An upper planar conductor 482 can be deposited on a top surface 484 
of the dielectric structure 480 and a lower planar conductor (not shown) can be 
deposited on a bottom surface (not shown) of the dielectric structure 480. In a 
preferred arrangement, the upper planar conductor 482 is electrically continuous 
with an upper waveguide wall 404 at the intersection 490, thereby extending the 
length of there upper waveguide wall 404. Likewise, it is preferred that the lower 
planar conductor is electrically continuous with a lower waveguide wall (not 
shown) at the intersection 490, thereby extending the length of lower waveguide 
wall. 

[0045] Accordingly, when conductive fluid 426 is injected into fluid conduits 
416 in row 440 and conductive fluid 426 is injected into fluid conduits 416 in at 
least one of the rows 434, 436, 438, the effective length of the waveguide 402 is 
extended from / to /'. For example, the conductive fluid 426 can be injected into 
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the fluid conduits 416 of rows 438, 440 simultaneously with fluid conduits 416 of 
row 432. In this arrangement the effective width of the waveguide 402 is a" and 
the effective length of the waveguide is V. Likewise, conductive fluid 426 can be 
injected into the fluid conduits 416 in rows 436, 440 while conductive fluid is 
present in fluid conduits 416 of row 430. In this arrangement the effective width 
is a' and the effective length is /'. Conductive fluid 426 can be injected into the 
fluid conduits 41 6 of rows 434, 440 when the fluid conduits 41 6 of rows 430, 
432 remain purged or unfilled. In this arrangement the effective width of the 
waveguide 402 is a while the effective length is extended to /'. 
[0046] At this point it should be noted that the arrangement shown in Fig. 4 is 
for exemplary purposes and a variety of arrangements can be provided wherein a 
conductive fluid can be used to change the effective dimensions of a waveguide, 
all of which are within the scope of the present invention. For example, in lieu of 
rows 430, 432, 434, 436, 438, 440, the present invention can include cavities 
formed of dielectric walls which contain the conductive fluid 126 in the regions 
defined by rows 432, 434, 434, 436, 438, 440. Further, a conductive fluid can 
be used in lieu of the upper planar conductor 482 and the lower planar conductor 
to extend the upper and lower waveguide walls. 

[0047] As noted, the fluid control system can comprise any suitable 
arrangement of pumps, valves and conduits that are operable for effectively 
injecting and removing conductive fluid 426, or any other fluid or gas, from the 
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fluid conduits 416. For example, the fluid control system can include reservoirs 

452, 464 and control valves 466 to inject the conductive fluid 426 or fluid 

dielectric 448 in the appropriate fluid conduit. Suitable fluid pumps (not shown) 

and fluid transfer conduits 420 also can be provided in the fluid control system to 

facilitate injection of conductive fluid 426 into fluid conduits 416. Further, fluid 

transfer conduits 422 and an appropriate pump (not shown) can be provided to 

remove the conductive fluid 426 or fluid dielectric 448 from the fluid conduits 416. 

[0048] While the preferred embodiments of the invention have been illustrated 

and described, it will be clear that the invention is not so limited. Numerous 

modifications, changes, variations, substitutions and equivalents will occur to those 

skilled in the art without departing from the spirit and scope of the present 

invention as described in the claims. 
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